Although the target of the antimicrobial drug 1-methyl-2-nitro-5-vinylimidazole (MEV) has been shown to be DNA (Goldstein et al., 1977 ) the drug was ineffective in cell-free systems because it was not activated. Both the rate of metabolic activation of MEV and its antibacterial activity were increased when bacteria were grown in limiting oxygen. Mutants of Escherichid coli which were conditionally resistant to nitroimidazoles and nitrofurans were defective in drug activation. The activities of these drugs against E. coli correlated with their rates of metabolism. The antimicrobial spectrum of the drugs appeared to be related to their reducibility by different species.
INTRODUCTION

1-Methyl-2-nitro-~-vinylimidazole (MEV)
belongs to a class of drugs (including nitrofurans as well as nitroimidazoles) whose antimicrobial activity depends on the presence of the nitro group (Dann & Moller, 1947; Grunberg & Titsworth, 1973) . Although members of this class of drugs differ in a number of properties including their spectrum of antimicrobial activity (Grunberg & Titsworth, 1973 ; Edwards, Dye & Carne, 1973 )~ studies of the mechanism of action of nitrofurazone (McCalla, Reuvers & Kaiser, I 970), metronidazole (Ings, McFadzean & Ormerod, 1974) and MEV (Goldstein et al., 1977) suggest that the effective target of all of these drugs is DNA.
It has been known for some time that nitro-organic compounds are reduced by microbial systems (Dann & Moller, 1947) and, recently, reduced derivatives were shown to be reactive and to bind to DNA and to proteins (McCalla et al., 1970; Ings et dl., 1974; Tu & McCalla, 1975) . In this paper, we show that metabolic activation (reduction of the nitro group) necessarily accompanies the bactericidal effects of MEV. We also provide evidence that the spectra of activity of nitroimidazoles and nitrofurans are determined, in part, by whether the target organism grows at a redox potential consistent with the generation of reactive reduction products.
METHODS
Antibiotics and chemotherapeutic agents. The nitroimidazoles and aminoimidazoles listed in Table I Activation of nitro-drugs by micro-organisms (1977) strains used are described in Table 2 . Strains cured of h were obtained by screening survivors after himmaIba infection of lysogens.
Growth conditions. Unless otherwise indicated, E. coli strains were cultured and treated in EM9 medium (Clark et al., 1966) at 37 "C.
Drug sensitivity. Minimal inhibitory concentrations (mic.) for E. coli K I 2 strains were determined as described by Goldstein et al. (1977) . For strain ~4 7 , the same procedure was used except that bacteria were grown in Penassay broth (Difco). M i c . for Trichomonas vaginalis (strain obtained from I. De Carneri) were determined as described by Cavalleri, Ballotta & Arioli (1971) .
DNA synthesis in toluene-treated bacteria. Bacteria were treated with toluene and assayed as described by Kohiyama & Kolber (1970) .
[3H]dTTP (specific activity 28 Ci mmol-l) was purchased from The Radiochemical Centre, Amersham. Unlabelled deoxynucleoside and nucleoside triphosphates were from Sigma. ATP was present in the incubation mixture.
Metabolism of drugs. Spectrophotometric measurements of nitro-drugs were made on extracellular medium obtained by filtration (Millipore, HAWP) or by centrifugation of treated cultures. The ultraviolet (u.v.) absorption maxima for the drugs were : MEV, 365 nm; nitrofurazone, 375 nm; azomycin, 370 nm; and metronidazole, 320 nm.
[2J4C]MEV (specific activity 0.37 Ci mol-l) was synthesized by G. Sartori. Its uptake by E. coli was estimated from the radioactivity retained by Millipore filters. Extracellular radioactivity was measured in the supernatant fluids after centrifugation. Samples of cultures
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were also precipitated in cold 5 % (w/v) trichloroacetic acid (TCA) and assayed for precipitable (retained by Sartorious SM134oo glass fibre filters) and for soluble (supernatant fluid after centrifugation) radioactivity. The radioactivities of the supernatant fluids (I ml samples) and Millipore filters were measured in 10 ml Dimilume (Packard); and those of glass fibre filters were measured in 10 ml toluene-based scintillation mixture [5-5 g Permablend I (Packard) per 1 toluene].
The extracellular medium was further analysed by thin-layer chromatography. Samples (I ml) were lyophilized, resuspended in 0.2 ml distilled water, and applied to 0.25 mrn thick silica gel F254 plates (Merck). They were run for approximately 18 cm in solvent system A (chloroform/methanol, 9: I, v/v). In some cases, material remaining at the origin was scraped off, extracted with 3 ml methanol/water ( I : I , v/v), lyophilized, dissolved in 0-1 ml water and re-run in solvent system B (methanol/ acetic acid, 95: I, v/v). The radiochromatograms were scanned on a Packard Model 7201 radioscanner at a rate of 0.5 cm min-l.
Efect of growth conditions on MEV activity. The bactericidal effect of MEV, and DNA degradation induced by MEV, were determined as described by Goldstein et al. (1977) . Redox potentials of cultures (relative to a standard calomel electrode) were followed with an Amel pH meter which, when equipped with a platinum electrode, functioned as a potentiometer.
Selection of ME V-resistant (ndr) mutants. Method I (training). Subcultures in NB (Oxoid no. 2 nutrient broth) containing different concentrations of MEV were grown with vigorous aeration to apparent saturation and observed microscopically. The culture with the highest drug concentration which had good growth and a majority of normal sized (nonfilamentous) cells was used to inoculate broths containing higher concentrations of MEV. Bacteria were never stored in the presence of the drug. When the desired level of resistance was obtained, cultures were cloned and the m.i.c. of the isolates were checked.
Method 2. Bacteria lysogenic for h (strain ~7 1 0 ) were incubated in TM buffer (0.01 MTris plus 0.01 M-MgSO,, pH 8.0) for 10 min with 13 mM-MEV. The bacteria were washed and diluted 20-fold (to about 10' bacteria ml-l) in Tryptone broth (Difco) supplemented with 25pg thymine ml-l and grown to saturation. The culture was challenged with hcI72, to eliminate non-lysogens, and cloned on NB agar containing thymine and 0.07 mM-MEV.
Mapping of ndr mutants. Mutations selected in the Hfr strains ~3 3 3 and ~6 7 4 were mapped by conjugation with ~6 9 4 ; ndr-3 which was selected in an F-strain (~710) was conjugated with ~6 7 4 .
Pro+Str recombinants were selected on Davis agar (Davis & Mingioli, 1950) containing 0.1 mg streptomycin ml-l. Recombinants were scored for the unselected markers his, gal, lac, leu and ndr by replicating to appropriate media and for tsx and sup by spot tests with bacteriophages T6 and AsusOzg.
A PI lysate, obtained by heat induction of ~7 1 1 (ndr-ioi), was used to transduce ~7 3 7 . Gal+ recombinants were selected and scored for ndr. Conjugations and transductions were performed as described by Miller (1972) .
Polarographic analysis. We prepared solutions containing approximately 40 pg drug ml-l in methanol/I M-sodium acetate buffer pH 5.4 (I : I,v/v). The solution, at 25 "C, was placed in a polarographic cell, which consisted of a mercury drop electrode, a saturated calomel electrode and a saturated KNO, bridge. Oxygen was expelled by bubbling with nitrogen for about 10 min. The polarogram was recorded from 0.0 to -1.7 V with a Beckman Electroscan 30 polarograph. The reduction waves were measured by the method of tangents.
The ER values reported are due to the first reduction wave of the nitro group and represent the potential at which reduction to the hydroxylamine is 5 0 % complete (Kolthoff & Lingane, 1952; Brezina & Zuman, 1958) . 
Activation of nitro-drugs by micro-organisms
Inactivity of MEV in cell-free systems
We have demonstrated that the antibacterial effect of MEV is due to induction of damage in DNA (Goldstein et al., 1977) . Concentrations as low as 3 ,UM were bactericidal for recA strains of E. coli and 10-fold higher concentrations induced prophage h and mutations in wild-type strains (Goldstein et al., 1977) . However, extracellular bacteriophage Tqbog (a highly permeable mutant, obtained from S. Benzer) was completely resistant to incubation with up to 3.3 mM-MEV for I h (data not shown). DNA from Bacillus subtilis had IOO % transforming ability' after incubation in vitro with 0.33 ~M -M E V for 30 min, while DNA extracted from treated bacteria was only 13 yo as efficient as an equivalent amount of DNA from untreated bacteria (Mastromei & Riva, personal communication).
RNA synthesis in intact E. coli was blocked within 30 min by 0.33 mM-MEV, while 6-7mM-MEV did not inhibit cell-free RNA synthesis, assayed by the method of Burgess (1969) . In a non-agitated culture, 0.03 mM-MEV inhibited DNA synthesis by 40 to 80% over the first 20 min of treatment (unpublished data). However, [3H]dTTP incorporation by toluene-treated bacteria of the same strain was not inhibited by up to 0.67 mM-MEV (Fig. I) . Saeki et al. (1974) had observed that the related drug azomycin likewise inhibited polynucleotide synthesis only in intact cell systems.
A possible explanation for the lack of activity of MEV in cell-free systems is that it must 
Metabolism of MEV by E. coli
As shown in Table 3 , when [14C]MEV was added to a culture of E. coli, 80 % of the drug (measured spectrophotometrically at 365 nm, the absorption maximum when the nitro group is present) disappeared from the medium and from the cold TCA-soluble fraction in go min. This was not due to uptake of the drug by the bacteria as almost all of the radioactivity remained in the TCA-soluble and extracellular fractions. At all times, approximately 4% of the labelled material appeared to be cell-associated (retained by Millipore filters). TCA-precipitable radioactivity increased with time to a maximum of about 3 yo.
Chromatography of the medium showed loss of radioactivity from the MEV peak and the appearance of new, more polar radioactive compounds. In solvent system A, MEV had an R, value of 0.87. In the presence of EM9 medium, about 30 % remained at the origin (Fig. 2 , trace a) . On incubation with E. coli, material was progressively lost from the MEV peak (traces b to g). In solvent system B, the presence of EM9 did not affect the migration of MEV, which had an RP value of 0.66 (Fig. 3, trace a) . We therefore re-ran the material at the origin of the chromatogram in Fig. 2 ( g ) (90 min of contact with bacteria) in system B (Fig. 3, trace b) . The results confirmed that MEV had essentially disappeared by this time and had been replaced by three compounds with RP values of 0.0, 0.21 and 0.56. This behaviour was consistent with the properties of reduced nitroimidazoles which, in our experience, remain at the origin in solvent system A but run in solvent B.
Evidence that MEV metabolism is required for activity Efect of growth conditions on MEV metabolism and activity. MEV disappeared from the medium only in conditions in which it was effective. We never detected spontaneous disappearance of MEV from bacteria-free medium; nor was it metabolized by toluene-treated bacteria, whose reducing capacity is reportedly defective (Brown, 
1972).
In E. coli cultures, the rate of MEV metabolism varied inversely with the degree of aeration. Figure 4(a) shows that a culture of E. coli incubated without agitation metabolized MEV more rapidly than an agitated culture. The bactericidal effect of MEV was much more pronounced in the non-agitated culture (Fig. 4b) .
The observed difference between agitated and non-agitated cultures seemed to reflect the availability of oxygen, as the extinction of the cultures also influenced the response to MEV treatment. Two cultures, differing only in extinction, each began to metabolize MEV when the redox potential of the medium dropped to about -IOO mV. As the redox potential dropped more rapidly in the denser culture, MEV metabolism began sooner in this culture (Fig. 5) . The onset of the bactericidal effect corresponded in time with the onset of MEV metabolism (data not shown). The presence of MEV retarded the drop in redox potential of treated cultures (Fig. 5b) ; this phenomenon was observed by Cramer (1947) for nitrofurazone and was called 'poising'.
'
Besides its bactericidal effect, other effects of MEV were more pronounced under conditions of reduced aeration: (i) 0.17 mM-MEV, when added to a dilute agitated culture, blocked DNA synthesis after a lag of 30 min; dense non-agitated cultures did not show this lag (data not shown). (ii) [14C]MEV uptake into cold TCA-precipitable material was greater in non-agitated than in agitated cultures (Fig. 6a) . (iii) DNA was degraded more rapidly, after MEV addition, in denser cultures (Fig. 6b) . On (0) and 0.25 ( 0 ) . DNA degradation was calculated from the radioactivity in the TCA-soluble fraction.
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Length of pretreatment (min) Fig. 7 . Induction of MEV reductase by substrate. Escherichiu coli strain ~6 9 4 was pretreated for various times, with agitation, with either IOO pg chloramphenicol ml-l (0) or with 0-1 mM-MEV ( x ), and then incubated in static conditions with 0.1 mM-MEV and IOO ,ug chloramphenicol ml-l for 100 min. MEV metabolism was normalized to cell density.
The close correlation between the extent of metabolism of MEV and its activity, suggest that the drug must be activated by cellular metabolism in order to be effective. The apparent inhibition and/or repression by oxygen of MEV metabolism is consistent with its activation by reduction. Inorganic nitrate reductase activities of bacteria are similarly affected by oxygen (Wimpenny & Cole, 1967) . As is the case for inorganic nitrate (Wimpenny & Cole, 1967) , MEV metabolism was also induced by substrate. As shown in Fig. 7, pre-incubation 292 of bacteria with MEV (aerated culture) for 4 min or longer led to an increased rate of MEV metabolism on subsequent incubation in the presence of chloramphenicol without agitation. As this experiment was performed with whole cells, the increase in activity could represent induction of either a permease or a reductase.
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Characteristics of resistant mutants. MEV-resistant (ndr) mutants were difficult to select. Direct plating on various concentrations of the drug yielded mutants with levels of resistance only about three times that of the wild type; small colonies which appeared at higher concentrations were non-viable. In liquid cultures containing moderate levels of the drug and high cell inocula, growth of surviving sensitive cells occurred, apparently after MEV had been completely metabolized to an inactive form. At drug concentrations high enough to prevent this, there were no survivors.
Mutants with high levels of resistance (10 to 40 times the parental m.i.c. of 0.03 mM) were obtained in one of two ways: by serial subculture in broth containing increasing MEV concentrations (method I) or by brief exposure of a A-lysogen to high levels of MEV (method 2). Method 2 took advantage of the fact that sublethal doses induced h (Goldstein et al., 1977) ; thus, enrichment for highly resistant lysogens could be achieved by relatively mild treatment and the mutants could be selected by plating on low levels of MEV. The mutants obtained by both procedures were conditionally resistant. While they showed a survival advantage on MEV treatment in agitated cultures (Fig. Sa) or at low cell density (Fig. 8b) , they were barely distinguishable from the parental strains when treated at high Activation of nitro-drugs by micro-organisms 293 Time after drug addition (min) Fig. 10 4ctivation of MEV by sensitive and ndr strains of E. coli. a, ~6 9 4 (sensitive); x , ~700
(ndr-lor). The concentration of MEV remaining in the medium was determined spectrophotometrically. cell density in non-aerated cultures (Fig. 8 c) . The need for cycles of enrichment (method I) or for indirect selection (method 2) in the isolation of ndr mutants, is presumably due to the low selective advantage of the ndr genotype in the dense cultures normally used when looking for rare mutants. When grown with vigorous aeration (permitting full expression of resistance) ndr mutants did not metabolize MEV (Fig. 9) . This suggests that the mutations might affect either regulation of nitro-organic metabolism, or the activity of one of several enzymes which catalyse Mapping of ndr mutations was complicated by the necessity for indirect selection of resistant recombinants and by the absence of easily selected nearby markers. Six ndr mutations (ndr-ror, ndr-150, ndr-3 and three mutants with low resistance selected by direct plating of ~6 7 4 on NB agar containing 0.13 mM-MEV) were mapped in the gal region by conjugation.
However, we did not observe PI-mediated cotransduction of ndr with gal. Data for the mapping of ndr-150 is shown in Table 5 .
Among the known E. coli markers in the gal region are several of the chl series which control inorganic nitrate reduction (Venables & Guest, 1968 E. coli ~4 7
T. v aginalis Table 7 . Comparative activities of nitroimidazoles and aminoimidazoles Structure (see Table I Figure 10 compares the rates of disappearance of four different drugs from E. coli cultures. Nitrofurazone was the most rapidly metabolized of the four, followed by MEV, azomycin and metronidazole. As can be seen from Table 6 , their rates of metabolism correlated with their effectiveness against E. coli. The values of En (Table 6 ) correlated with both of these parameters; the lower the E, of a drug, the less rapidly was it metabolized by E. coli and the less effective it was. Metronidazole, which has a very low E&, was neither metabolized by E. coli (Fig. 10) nor active against this organism (Table 6) .
We assayed a number of nitro-drugs for their anti-coli and anti-trichomonal activity. When these compounds were ordered by increasingly negative En (Table 6) , we observed that those drugs whose E4 was more negative than -370 mV (with the sole exception of azomycin) showed little activity against E. coli, a facultative anaerobe. However, all of the
